Laboratory seakeeping test under irregular wave load is essential for studying seakeeping performances of marine and offshore structures. One of the key techniques in such a sort of test is how to assure the quality of wave load. By assuring the quality of wave load, we mean that man-made irregular wave series exerting on a test model should have a given power spectrum. From a view of optimal control, the goal to assure the quality of wave load is to manage wave maker such that produced irregular wave series exerting on a test model has a given power spectrum in the optimization sense. This paper gives a control model to optimize wave maker to achieve the mentioned goal. Its application to wave maker control in a seakeeping model test of an offshore structure is demonstrated.
Introduction
Wind-generated ocean surface waves are usually random processes [1] [2] [3] . Therefore, actual wave loads acting on a marine structure are usually random. Though there have been many advances in numerical computation, the laboratory seakeeping test is yet an essential way to investigate seakeeping performances of a marine structure.
There are two types of seakeeping tests. One is based on real marine structure trials and the other on laboratory testing. The seakeeping test on real marine structure trials can provide reliable data of seakeeping performances of that structure at a given sea state but the testing cost is too high. Therefore, generating irregular surface wave series in basin is vital for studying seakeeping performances of a marine structure [1, 3] . Fig. 1 indicates the diagram of a wave maker.
Man-made random wave series is produced by a mechatronics system called a wave maker [1, 4] . Without losing the generality in control, this paper only discusses an optimal control model without considering the directions of waves.
Surface wave series can be characterized by a power spectrum [1] [2] [3] . As for wave generation in basin, one essential thing in a laboratory seakeeping test, is to generate random series in computer such that wave load series, which acts on a model, has a given power spectrum without considerable spectrum distortion [1, 3, 5, 6] .
A method for computer generation of random data with a given power spectrum is explained as follows. For a given a power spectrum S xx (f ), its corresponding time series is given by
where f k and w k are random variables in uniform distribution and S xx (f k ) the power spectrum of x [1, 2] . In practice, when a computer-generated series that follows a target power spectrum passes though the wave maker, the power spectrum of the wave load series acting on a model may often differ significantly from the target one due to the transfer characteristics and uncertainties of test devices. Fig. 2(a) indicates a real wave series x measured in the South China Sea at significant wave height 2.44 m, and (b) is its power spectrum S xx (f) that is taken as the target spectrum in our test. However, when taking S xx (f) as the input spectrum, the load spectrum, denoted as S yy (f) random series, taken as input, output of wave maker, respectively e(t) model uncertainty of a wave maker system S xx (f ), S yy (f ), S ee (f ) power spectra of x(t), y(f) and e(t), respectively h(t), H(f ) impulse function and transfer function of wave maker, respectivelŷ hðtÞ; b H ðf Þ impulse function and transfer function of controller, respectively r hh (t),r hh ðtÞ, r ee (t) autocorrelation functions of hðf Þ;ĥðtÞ and e(f), respectively r xx , r yy autocorrelation functions of x(t) and y(f), respectively is indicated in Fig. 3(a) . Fig. 3 (b) shows its corresponding load time series. By eye, a noteworthy spectrum distortion can be observed.
The pattern similarity between S xx (f) and S yy (f) can be measured by correlation coefficient according to the theory of pattern recognition [7] . Denote corr[S xx , S yy ] as the correlation coefficient between S xx and S yy . Then, for the spectra shown in Figs. 2(b) and 3(a) , we obtained corr[S xx , S yy ] = 0.776.
The above discussions imply that an original wave maker may transform an excitation series into load series with a certain amount distortion in spectrum. Thus, in order to make the load spectrum match the target one as closely as possible, the input spectrum should be adjusted according to a certain control strategy. In this aspect [5, 6] , explained an iteration method to adjust wave without taking optimal control into account. The authorÕs previous work [8] gives a theoretical explanation of the existence of optimal control of wave maker. This paper aims at presenting an optimal controller of wave maker. To the best of this authorÕs knowledge, the present control model is rarely seen in the field of laboratory seakeeping tests.
The rest of paper is organized as follows. Section 2 discusses the model of wave maker from a view of control. Section 3 explicates the representation of optimal controller in frequency domain. Section 4 demonstrates the application of the present controller to a model test. Section 5 concludes the paper.
Model of wave maker
A wave maker consists of computer, electric console, data acquisition, hydraulic system and so on. Abstractly, the basic function of the wave maker is to transfer a drive signal into a wave load series exerting on a test model. Basically, errors of measurement and any other uncertainties would affect performances of wave maker. According to control theory [9, 10] , all errors and uncertainties can be abstracted as a model uncertainty of a linear system. Thus, a wave maker can be expressed by Fig. 4 .
Hence, one may regard a wave maker as a linear system contaminated by uncertainty e(t). The relationship between the input and output in Fig. 4 in the time domain is given by
ð2:1Þ where * stands for the operation of convolution. The above expression implies two factors that result in spectrum distortion. One is h and the other e. 
An optimal controller in frequency domain
Suppose we insert a controller between drive signal and original wave maker as indicated by Fig. 5 . Letĥ be the impulse function of controller. Then, one has y ¼ĥ Ã h Ã ðx þ eÞ:
ð3:1Þ
In practice, x and e are energy-limited. Assume that e and x are uncorrelated. Then, r xe ðtÞ ¼ xðtÞ Ã eðÀtÞ ¼ 0; ð3:2Þ
where r xe (t) is the cross correlation between x and e [11, p. 121]. Here, correlation function is expressed by the convolution according to [12, 13] . Doing the autocorrelation operation on both side of (3.1) produces r yy ðtÞ ¼yðtÞ Ã yðÀtÞ ¼½hðtÞ ÃĥðtÞ Ã xðtÞ þ hðtÞ Ã eðtÞ Ã ½hðÀtÞ ÃĥðtÞxðÀtÞ þ hðÀtÞ Ã eðÀtÞ ¼r hh ðtÞ Ãr hh ðtÞ Ã r xx ðtÞ þ r hh ðtÞ Ã r ee ðtÞ:
ð3:3Þ From (3.5), we attain the following optimal controller:
Therefore, instead of feeding a target spectrum directly into the computer, we feed a preprocessed spectrum, say In( f ),
for the purpose of optimizing wave maker. Theoretically, in this case, the output of a wave maker under the excitation of x should have the power spectrum S xx . In practice, however, there is still a certain error because S ee may be difficult (if not impossible) to be obtained exactly. In our practice, it is estimated by
where S yy (f) is the load spectrum under the excitation of S xx (f) without taking j b H ðf Þj 2 into account.
Application to a model test

Experiment conditions
The experiment was done in a seakeeping test basin in the China Ship Scientific Research Center (see Fig. 6 ). The test model stands for an offshore structure. The irregular wave is with significant wave height 0.713 m and current velocity 0.13 m/s.
Transfer function
To perform the optimization of wave maker, we need the transfer function
To identify H(f ), a set of sinusoidal waves with constant amplitudes was selected to scan the frequency response. In order to excite the transfer mode of the wave maker sufficiently and at the same time assure the accuracy of signal processing, excitation signals were arranged to last for a relatively long time at each frequency point. We arranged for 30 min at each point and Df = 0.1 Hz. The scanning band was from 0 to 2. 
Control procedure
Letx be a load series actually measured on the test model when the controller (3.6) is used. Let Sxx be the power spectrum ofx. The concrete value of the pattern similarity between S xx and Sxx depends on the requirements desired by marine researchers. In our test, corr½S xx ; Sxx P 0:90 is required. Following (3.8), the error spectrum was obtained as shown in Fig. 8 . According to (3.6), we attained the controller illustrated by Fig. 9 . Based on (3.7), we got an adjusted input spectrum shown in Fig. 10 . Under the excitation of In(f), we obtained Sxx (Fig. 11) . The correlation coefficient between S xx and Sxx is 0.989, implying a satisfactory optimization.
Conclusions
An optimal controller of wave maker in frequency domain for laboratory seakeeping test under irregular wave load has been derived and discussed. The control procedure in a model test has been shown. Results in this paper suggest that the present model may yet be an applicable control method of wave maker in laboratory seakeeping tests.
